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Abstract

An examination is made of the use of broad-bandwidth high-frequency
acoustic scattering to infer remotely the spatial structure of the temperature

field of a thermally driven buoyant plume.
INTRODUCTION

This grant provided student support for the Ocean Acoustics Turbulence Study
(OATS), which was originated and directed by Louis Goodman at the Naval Un-

e s, o ey Bl s oty ] FETTI TS
1 DTG OUALYTY EEPaLinl &

19050925 (76  eemmmormmen

Approved for public release;
Distribution Unlimited

i ———— R Ty T




IN REPLY
REFER TO

/995 OFRA5 D7/,

o . -~

OFFICE OF THE UNDER SECRETARY OF DEFENSE (ACQUISITION)

DEFENSE TECHNICAL INFORMATION CENTER
CAMERON STATION Jan 25, 1995
ALEXANDRIA, VIRGINIA 22304-6145

DTIC-OCC

SUBJECT: Distribution Statements on Technical Documents

TO: 0ffice of the Chief of Naval Research
800 north Quincy Street
Arlington, VA 22217-5000
Code 22

1. Reference: DoD Directive 5230.24, Distribution Statements on Technical Documents,
18 Mar 87.

2. The Defense Technical Information Center received the enclosed report (referenced
below) which is not marked in accordance with the above reference.

Final Technical Report
13 Jan 1995
N00014-90-J-1856

3. We request the appropriate distribution statement be assigned and the report returned
to DTIC within 5 working days.

4. Approved distribution statements are listed on the reverse of this letter. If you have any

questions regarding these statements, call DTIC's Cataloging Branch, (703) 274-6837.

FOR THE ADMINISTRATOR:

1 Encl GOPALAKRISHNAN NAIR
Chief, Cataloging Branch

FL-171
Jul 93




DISTRIBUTION STATEMENT A:
APPROVED FOR PUBLIC RELEASE: DISTRIBUTION IS UNLIMITED

DISTRIBUTION STATEMENT B:

DISTRIBUTION AUTHORIZED TO U.S. GOVERNMENT AGENCIES ONLY;
(Indicate Reason and Date Below). OTHER REQUESTS FOR THIS DOCUMENT SHALL BE REFERRED

TO (Indicate Controlling DoD Office Below).

DISTRIBUTION STATEMENT C:

DISTRIBUTION AUTHORIZED TO U.S. GOVERNMENT AGENCIES AND THEIR CONTRACTORS;
(Indicate Reason and Date Below). OTHER REQUESTS FOR THIS DOCUMENT SHALL BE REFERRED

TO (Indicate Controlling DoD Office Below).
DISTRIBUTION STATEMENT D:

DISTRIBUTION AUTHORIZED TO DOD AND U.S. DOD CONTRACTORS ONLY; (Indicate Reason
and Date Below). OTHER REQUESTS SHALL BE REFERRED TO (Indicate Controlling DoD Office Below).

DISTRIBUTION STATEMENT E:

DISTRIBUTION AUTHORIZED TO DOD COMPONENTS ONLY; (Indicate Reason and Date Below).
OTHER REQUESTS SHALL BE REFERRED TO (Indicate Controlling DoD Office Below).

DISTRIBUTION STATEMENT F:

FURTHER DISSEMINATION ONLY AS DIRECTED BY (Indicate Controlling DoD Office and Date
Below) or HIGHER DOD AUTHORITY.

DISTRIBUTION STATEMENT X:

DISTRIBUTION AUTHORIZED TO U.S. GOVERNMENT AGENCIES AND PRIVATE INDIVIDUALS
OR ENTERPRISES ELIGIBLE TO OBTAIN EXPORT-CONTROLLED TECHNICAL DATA IN ACCORDANCE
WITH DOD DIRECTIVE 5230.25, WITHHOLDING OF UNCLASSIFIED TECHNICAL DATA FROM PUBLIC
DISCLOSURE, 6 Nov 1984 (Indicate date of determination). CONTROLLING DOD OFFICE IS (Indicate
Controlling DoD Office).

The cited documents has been reviewed by competent authority and the following distribution statement is
hereby authorized.

OFFICE OF NAVAL RESEARCH
S?RF’ORA';’E PROGRAMS DIVISION
] SNR353
(Statement) 800 NORTH QUINCY STREET (Controlig Dob Cffice Name)

ARLINGTON, VA 22217. 5660

(Reason) (Controlling DoD Office Address,

JEPUTY DIRECTOR T
ORFGRATE PROGRAMS OFFICE 8 SEP w3

{Assigning Office) (Date Statement Assigned)




dersea Warfare Center, Newport, RI. The initial goal of the OATS program was to
examine whether high frequency acoustic scattering from ocean turbulence is strong
enough to be observed in competition with typical scattering from biological and
particulate matter. An acoustic scattering model based on the Born approximation
that suggested a positive result had been developed by Goodman (1). A particular
goal of this project has been to make laboratory measurements to study scattering
from temperature variability in water using laminar, unstable, and turbulent thermal

plumes.
THEORETICAL BACKGROUND

The weak scattering theory applicable to this project was developed by Goodman
(1),(2),(3) and will be mentioned here only briefly. The wave equation for the scat-
tered field is given by (4)

(v- L o) PO = K0P (1)

where P is the acoustic pressure and L is the scattering operator. For scattering
dominated by temperature-induced compressibility variations, the latter is given by

—2aT (r,t) 0?

L(r,t) = 2 92’

(2)

where T' is the temperature field relative to ambient and o = (dc/dT")/co. We now
make the following definitions and approximantions: use the Born approximation
where L operates on the incident wave Py(r,t); express the equation in frequency
space through the Fourier transform P(r,t) = [ p(r,w)exp(—iwt)dw; let the z-axis
be vertical, along the axis of the thermal plume, and let the x-axis be in the direction
of K = k, — k;, where K is the Bragg wavevector with magnitude K = 2ksin(6/2);

and include first-order terms in the phase factor that express wavefront curvature.




The scattered signal is then given by the transfer function (3)

r(K) = :}((1::)) - ;rk:o / T(r) B(r) exp(iK z + ik /ro)dr, (3)
where B(r) describes the source/receiver beam pattern. Without wavefront curva-
ture, the kz?/ro phase term goes to zero. Equation (3) is a prescription for inferring
important aspects of the temperature field from the scattering data. When wavefront

curvature is negligible, the integral is just the beam-pattern weighted Fourier trans-

form of the temperature field at the Bragg wavenumber K.

A simple test to examine the validity of the far-field Born approximation is to
compare the magnitudes of the transfer functions for measurements made in opposite
scattering directions. From Eq. (3) without the curvature term, [[(K)| = [['(-K)|.
With wavefront curvature, this relationship no longer holds and Eq. (3) no longer

expresses a Fourier transform relationship between I'(K) and T'(r).

EXPERIMENTS

A coustics

Laboratory experiments were performed with the system shown in Fig. 1. The
technique employs simultaneous measurements with multiple broad-bandwidth source
and receiver transducer pairs to fully resolve the spatial and temporal variability of
the scattering field. The scattering temperature variabilities are produced by a heater
at the bottom of the tank. A laser shadowgraph system monitors the nature of the

thermal plume; examples are shown in Fig. 2.

Two types of experiments were performed during the tenure of this grant. In basic




scattering experiments designed to infer the temperature field from Eq. (3), a broad
range of K values is needed for high resolution. This is accomplished by making si-
multaneous measurements with three sets of source/reciever transducers arranged to
give different scattering angles, 8, but with the same scattering-wavevector direction.

This is shown in Fig. 3.

The second type of experiment used two source transducers and two receivers,
as shown in Fig. 4, to measure scattering with Bragg wavevectors that have equal
magnitude and opposite directions. This was used to study wavefront curvature
effects, as is suggested above. Contour plots of the scattered signal from an unstable
plume for positive and negative Bragg wavevectors, respectively, are shown in Figs. 5
and 6. The vertical axis represents the time elapsed as successive measurements are
made. If the plume rises steadily without distortion-the shadowgraph images indicate
it does so, in this case, at 3 cm/s-then the vertical axis also represents the height
of the plume. The two figures are qualitatively similar, but have a mirror image
type of asymmetry. Both have approximately the same number of local maxima
and very similar periodicity of about 1.5 seconds or 5 cm. Further analysis of the
scattering from this unstable thermal plume (3) confirmed the failure of the far-field
approximation. By calculating the transfer function of the scattering process for the
measurements made in the plus and minus directions, I'y and I'_, and comparing
the time series at selected acoustic frequencies, the data show that IT4| # |T-|. The
wavefront curvature term must be included to describe the scattering process. To
the extent that the hypothesis of a uniformly advecting plume is valid, however, the
Fourier transform of the scattering field can still be extracted from the scattering
data. The length scale over which this appears to be true is equal to or greater than
2-3 cm. This distance corresponds to the order of the Fresnel radius of the transducers

used at the center frequency of 500 kHz. For further discussion, see Ref. (3).




Optics

An optical annex to the OATS laboratory was established to investigate optical
interactions with the thermal plume. Laser shadowgraphs of the plume are shown in
Fig. 2. Another shadowgraph of a laminar plume is shown in Fig. 7. This pattern
arises because the warm plume acts as a diverging lens. A typical analysis is shown
in Fig. 8. If a Gaussian temperature profile is assumed, then the index of refraction
also has a Gaussian profile (Fig. 8(a)). Here, r = 0 is the center of the plume, which
extends out to about r = 0.4 cm. Light rays that pass through the plume are re-
fracted by an amount that depends on the index gradients and the path lengths that
they experience. The resultant deflection angles are shown in (b). Finally, (c) shows

the intensity of light at a screen 2.74 m from the plume.

A Mach-Zehnder interferometer was also built to study the temperature profile of
the laminar plume in more detail. This is shown in Fig. 9, where a laser beam is
cleaned up and expanded by a spatial filter (sf), and is divided by a beamsplitter
(bsl) into a sensing beam that passes by the plume and a reference beam. These are
recombined by beamsplitter bs2 to produce an interference pattern at the camera.
A typical result is shown in Fig. 10. Similar results can be obtained by assuming
a Gaussian temperature profile for the plume. Figure 11 shows the results of the
analysis. Again, (a) shows a Gaussian profile for the index of refraction (in this case,
with an axial temperature ~ 4 K above ambient). The resultant phase shift for rays
passing through different parts of the plume is shown in (b) and, finally, (c) shows

the interference pattern.
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Laminar Plume

Laser Shadowgraphs

594 cm

Unstable Plume

Turbulent Plume

5.94 cm

Fig. 2. Laser shadowgraphs of a laminar plume, an unstable plume
and a turbulent plume.




Common Bragg Wavenumber Geometry

Fig. 3. Configuration for three simultaneous scattering
measurements with common direction, but differing magnitudes of
K, the Bragg scattering vector.




Opposing Bragg Wavenumber Geometry

W
9

Fig. 4. Configuration for two simultaneous scattering
measurements with opposite directions, but equal magnitudes of K,
the Bragg scattering vector.
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Fig. 5. Contour plot of the magnitude of the scattered signal
from an ‘unstable plume with K in the positive x-direction.
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Fig. 6. Contour plot of the magnitude of the scattered signal
from an” unstable plume with K in the negative x-direction.
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X 10-4 index shift vs. r (cm)
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Fig. 8. Shadowgraph analysis of a laminar thermal plume. (a)
Index of refraction from the plume axis outward for a Gaussian
temperature profile. (b) Deflection angle due to refraction of
rays passing through different parts of the plume. (c) Resultant
light intensity at a screen.
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Fig. 10. Interferogram of a laminar thermal plume; (a) digitized

version of (b) video monitor view.
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Fig. 11. Interferogram analysis of a laminar thermal plume. (a)

Index of refraction from the plume axis outward for a Gaussian
temperature profile. (b) Phase shift for rays passing through
different parts of the plume. (c) Resultant light intensity of
the interference pattern.
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